The identity of metabolites encoded by the majority of nonribosomal peptide synthetases in the opportunistic pathogen, Aspergillus fumigatus, remains outstanding. We found that the nonribosomal peptide (NRP) synthetases PesL and Pes1 were essential for fumigaclavine C biosynthesis, the end product of the complex ergot alkaloid (EA) pathway in A. fumigatus. Deletion of either pesL (⌬pesL) or pes1 (⌬pes1) resulted in complete loss of fumigaclavine C biosynthesis, relatively increased production of fumitremorgins such as TR-2, fumitremorgin C and verruculogen, increased sensitivity to H 2 O 2 , and increased sensitivity to the antifungals, voriconazole, and amphotericin B. Deletion of pesL resulted in severely reduced virulence in an invertebrate infection model (P < 0.001). These findings indicate that NRP synthesis plays an essential role in mediating the final prenylation step of the EA pathway, despite the apparent absence of NRP synthetases in the proposed EA biosynthetic cluster for A. fumigatus. Liquid chromatography/diode array detection/ mass spectrometry analysis also revealed the presence of fumiquinazolines A to F in both A. fumigatus wild-type and ⌬pesL strains. This observation suggests that alternative NRP synthetases can also function in fumiquinazoline biosynthesis, since PesL has been shown to mediate fumiquinazoline biosynthesis in vitro. Furthermore, we provide here the first direct link between EA biosynthesis and virulence, in agreement with the observed toxicity associated with EA exposure. Finally, we demonstrate a possible cluster crosstalk phenomenon, a theme which is beginning to emerge in the literature.
N
onribosomal peptide (NRP) synthetases are multimodular enzymes in which each module is responsible for individual amino acid recognition, tethering, and subsequent incorporation into an NRP product (59). NRP synthesis (NRPS) in fungi, and in Aspergillus spp. in particular, provides a biosynthetic route for the biosynthesis of a range of bioactive metabolites, including gliotoxin, a redox active dipeptide, and siderophores such as triacetylfusarinine C (12, 47) . Moreover, brevianamide F, an NRP product, has been demonstrated to be a precursor for a variety of prenylated alkaloids, including the fumitremorgins A, B, and C and tryprostatin B (28) . Ergot alkaloids (EA), such as fumigaclavines A, B, and C, are also produced by A. fumigatus, whereas ergotamines, consisting of lysergic acid and a peptide component, are produced by Claviceps purpurea (11, 16) . EA biosynthetic gene clusters have been identified in A. fumigatus (11, 52) , C. purpurea (9, 18, 34, 51) , and Neotyphodium lolli (15) , and many of the steps in the EA biosynthetic pathways have been deciphered through a combination of in vitro biochemical studies and functional characterization of cluster genes (54) . A gene cluster responsible for fumigaclavine C biosynthesis in A. fumigatus has been identified (11, 52) ; however, the requirement for NRP synthetase functionality for EA biosynthesis has not been reported. However, incomplete biosynthetic routes for fumigaclavine and ergotamine biosynthesis, based primarily on in vitro biochemical studies, have been proposed (54) , and NRP synthetase involvement, in trans, cannot therefore be excluded.
Fumiquinazolines A to G are among a variety of quinazolinecontaining natural products produced by fungi (1, 2) . Anthranilate (Ant; a nonproteinogenic aryl ␤-amino acid) is a precursor for these compounds (2) , whereby a biochemical approach confirmed that an NRP synthetase module (AnaPS module 1) from the known gene cluster for acetylaszonalenin from the Neosartorya fisheri NRRL 181 strain (57) activates Ant. Sequence comparison identified an A. fumigatus NRP synthetase, PesM (CADRE identifier AFUA_6G12080), with homology to AnaPS, and recombinant module 1 of PesM was also shown to preferably activate Ant (2) . The authors of that study proposed that the trimodular NRP synthetase, PesM, is likely to produce fumiquinazoline F, and that an adjacent monomodular NRP synthetase, PesL (AFUA_6G12050), could function in the conversion of fumiquinazoline F to fumiquinazoline A, by activating alanine and acting with an N-acyltransferase (AFUA_6G12100), to couple alanine to both N-1= and C-2= in the indole ring part of fumiquinazoline F (2) . Subsequently, recombinantly expressed PesL and an FAD-dependent monooxygenase (AFUA_6G12060) were shown to be required for the conversion of fumiquinazoline F into fumiquinazoline A (1) . In contrast to earlier findings about the clustering of genes with pesL (33) , the authors noted that pesM is part of an eight-gene cluster, along with pesL, which they predicted to be involved in the production of the Ant-containing alkaloid fumiquinazoline A (1). However, Cramer et al. (13) observed differential expression of pesL and pesM, whereby significantly higher pesL expression (3-to 4-fold higher, respectively) was observed. Moreover, pesM expression only, was detectable in A. fumigatus conidia, which suggested alternate functionality for either NRP synthetase, PesL in particular (13) .
LaeA is a transcriptional regulator of secondary metabolite (SM) biosynthetic gene clusters in A. fumigatus and A. nidulans (5) . pesL was proposed to be part of a five-gene SM cluster spanning the region from AFUA_6G12040 to AFUA_6G12080 (33) , and transcriptional studies revealed that pesL and all other genes in this proposed cluster were found to be under LaeA regulation (35) . Expression of another NRP synthetase gene pes1 (AFUA_ 1G10380; [38] ) was downregulated in the A. fumigatus ⌬laeA strain, along with expression of the genes found in the gliotoxin, fumitremorgin B, and EA biosynthetic clusters (35) . Pes1 is an orphan NRP synthetase, and although it was demonstrated to mediate A. fumigatus virulence, the identification of the NRP peptide product encoded by pes1 is outstanding (38) . Analysis by Cramer et al. (13) showed that pes1 expression was only evident in liquid cultures of Sabouraud broth in the A. fumigatus Af293 strain. Concurrently, Reeves et al. (38) also confirmed differential pes1 expression. Schrettl et al. (41) used a genome-wide microarray to investigate the genes regulated by the SreA transcription factor, a repressor of siderophore production in iron-replete conditions. This profiling identified 1,147 genes that were differentially expressed in a ⌬sreA mutant, which included pes1 (upregulated in ⌬sreA mutants after 30 min). Since pes1 expression is upregulated in the absence of this regulator, this may indicate that pes1 plays a role in the protection against oxidative stress during sudden changes in Fe 3ϩ levels, potentially by signaling or interacting with related biosynthetic genes. Moreover, the expression of pes1 as well as the neighboring ABC multidrug transporter was downregulated in an A. fumigatus strain lacking stuA, which is involved in the hypoxic adaptation of the fungus (43) . Like the A. fumigatus ⌬pes1 strain, the ⌬stuA strain was sensitive to hydrogen peroxide, indicating that this sensitivity exhibited by the ⌬stuA strain may be due, in part, to the downregulation of pes1 expression. Consequently, targeted gene deletion and comparative metabolomic studies were undertaken to elucidate the NRP products encoded by PesL and Pes1, respectively.
MATERIALS AND METHODS
Strains, growth conditions, and general DNA manipulation. A. fumigatus strains were grown at 37°C in Aspergillus minimal medium (AMM) or fungal minimal medium (MM), and fungal culturing was carried out as described by Schrettl et al. (40) . Fungal strains used in the present study are listed in Table 1 .
PCRs for generation of DNA manipulation constructs were performed using an Expand long-range template kit (Roche). For general cloning procedures, the bacterial strain Escherichia coli DH5␣ was used which was culti- (40) . To generate the ⌬pesL and ⌬pes1 mutant strains, the bipartite marker technique was used (32) , with modifications. pesL is predicted to encode an NRP synthetase of 1,161 amino acid residues. In the ⌬pesL-ptrA mutant, the deleted region comprises amino acids 1 to 940 of PesL. Pes1 is predicted to encode a NRP synthetase of 6,269 amino acid residues. In the ⌬pes1-ptrA mutant, the deleted region comprises amino acids 1 to 904 of Pes1, and this strategy also resulted in the deletion of 570 bp upstream of the pes1 start codon.
The A. fumigatus ⌬akuB and ATCC 46645 strains were each cotransformed with two DNA constructs, containing an incomplete fragment of a pyrithiamine resistance gene (ptrA) (40) fused to 1.2 kb and 1.3 kb of pes1 up-and downstream sequences, respectively, which flanked the regions to be deleted. The marker fragments shared a 557-bp overlap within ptrA, serving as a potential recombination site during transformation. Two rounds of PCR generated each fragment. Table S1 in the supplemental material provides a complete list of all of the primers used in the present study. For the disruption of pesL, each flanking region was amplified from ⌬akuB genomic DNA using the primers opesL-1 and opesL-4 for flanking region A (1.2 kb), and the primers opesL-2 and opesL-3 for flanking region B (1.3 kb). After gel purification, the fragments were digested with PstI and HindIII, respectively. The ptrA selection marker was released from plasmid pSK275 (kindly provided by Sven Krappmann, Gottingen, Germany) by digestion with PstI and HindIII and ligated with the two flanking regions A and B. For transformation, two overlapping fragments were amplified from the ligation products using the primers opesL-5 and optrA-2 for fragment C (2.6 kb) and the primers opesL-6 and optrA-1 for fragment D (2.1 kb). Subsequently, A. fumigatus was transformed simultaneously with the overlapping fragments C and D. A similar approach was taken for generating pes1 disruption constructs with some modifications as follows. Flanking regions A and B and pSK275 were digested with PvuI and KpnI, respectively. Final disruption constructs were 2.9 kb (fragment C) and 2.4 kb (fragment D). Deletion strains were screened by Southern blot analysis, and digoxigenin hybridization probes were generated by using the primers opesL-3 and opesL-6 for pesL and the primers opes1-5 and opes1-3 for pes1. In order to obtain homokaryotic transformants, colonies from single homokaryotic spores were picked, and single genomic integration was confirmed by Southern blot analysis.
RNA isolation and real-time PCR. Fungal RNA was isolated and purified from A. fumigatus hyphae crushed in liquid nitrogen using an RNeasy plant minikit (Qiagen). RNA was treated with DNase 1 (Invitrogen), and cDNA synthesis from mRNA (500 ng) was performed using a first-strand transcription cDNA synthesis kit (Roche) with oligo(dT) primers. The gene encoding calmodulin (calm) (AFUA_4G10050), which is constitutively expressed in A. fumigatus, served as a control in reverse transcription-PCR (RT-PCR) experiments (6) .
Real-time PCR was performed using the LightCycler 480 Sybr green 1 master mix (Roche) on a LightCycler 480 real-time PCR system. PCRs were carried out in 96-well plates in a reaction volume of 20 l containing 5 l of template cDNA. Standard curves were prepared for calm, pesL, and pes1 by generating 5 orders of 10-fold serial dilutions of cDNA in H 2 O and performing five replicate PCRs on these dilutions. All primers used for RT-PCR experiments are labeled "RT." Primer sequences and culture conditions used are listed in Table S1 in the supplemental material and in Table 2 , respectively. Cycling conditions for PCRs were calculated according to the recommendations from Roche, and 40 cycles of PCR were performed. Standard curves with a PCR efficiency of Ն1.8 and with an error of Ͻ0.2, were accepted, and the cycling conditions were used for subsequent real-time PCR analysis by relative quantification using LightCycler 480 software. For realtime PCRs, a 1/10 dilution of cDNA from each sample was used as a template, and each reaction was performed in triplicate. 
Metabolite extraction and analysis by high-pressure liquid chromatography/diode array detection/mass spectrometry (HPLC-DAD-MS).
Metabolic profiling was performed after culture on AMM and Czapek medium using the microextraction procedure of Smedsgaard (44), wherein plugs (0.6 cm 2 ) were taken from petri dish cultures and extracted with 1 ml of methanol-dichloromethane-ethyl acetate (1:2:3 [vol/vol]). Extraction solutions were evaporated, and residues were redissolved in 400 l of methanol and stored at Ϫ20°C until analysis. Ultra-HPLC-DAD analyses were performed on a Dionex RSLC Ultimate 3000 (Dionex, Sunnyvale, CA) equipped with a diode array detector. Separation was obtained on a Kinetex C 18 column (150 by 2.1 mm, 2.6 m; Phenomenex, Torrance, CA) maintained at 60°C using a linear gradient starting from 15% (vol/vol) CH 3 CN in water (containing 50 ppm of trifluoroacetic acid) increasing to 100% (vol/vol) CH 3 CN over 7 min at a flow rate of 0.8 ml/min. The injection volume was 1 l. HPLC-DAD-MS analysis was performed on an LCT orthogonal acceleration time of flight (oaTOF) mass spectrometer (Micromass, Manchester, United Kingdom) as described by Nielsen et al. (30, 31) . Chromatography was performed on a 5-cm, 3-m Luna C 18 (2) column (Phenomenex) using a water-acetonitrile gradient from 15% (vol/vol) CH 3 CN to 100% (vol/vol) CH 3 CN over 20 min, with both solvents containing 20 mM formic acid. Authentic standards for the following compounds were analyzed in sequence with extracts: fumitremorgin B and C, fumigaclavine A, B, and C, and fumiquinazoline F and G.
Phenotypic analysis of A. fumigatus NRP synthetase mutants. A. fumigatus wild-type and mutant strains were grown on either AMM or MEA agar plates for 1 week at 37°C. Conidia were harvested aseptically in PBST (phosphate-buffered saline, 0.1% [vol/vol] Tween 80) and filtered through sterile Miracloth to remove mycelial matter. Conidia, at 10 2 or 10 4 per spot as indicated, were spotted onto a variety of test plates as described in Table 3 . The plates were incubated at 37°C unless otherwise stated. The colony diameter was measured periodically, and statistical analysis was carried out using two-way analysis of variance.
Galleria mellonella infection experiments. G. mellonella virulence testing was carried out according to the method of Reeves et al. (37) . Sixth-instar larvae of G. mellonella (Lepidoptera: Pyralidae, the greater wax moth) (Mealworm Company, Sheffield, England) were stored in wood shavings in the dark at 15°C prior to use. Only larvae weighing between 0.2 and 0.4 g were used during the present study. Larvae (n ϭ 20 or 30) were inoculated into the hind pro-leg with a 20-l inoculum volume of either 10 6 or 10 7 conidia as indicated for each experiment. Mortality, defined by the lack of movement in response to stimulation, and discoloration (melanization) rates were recorded at 24-h intervals for up to 96 h after injection. Kaplan-Meier survival curves were analyzed using the Mantel-Cox log-rank test for significance.
RESULTS
Disruption of pesL and pes1 in A. fumigatus. To identify the NRPs produced by PesL and Pes1, A. fumigatus ⌬pesL and A. fumigatus ⌬pes1 mutants were generated. The A. fumigatus ⌬pesL mutant was generated in a ⌬akuB mutant background, while the A. fumigatus ⌬pes1 mutant was generated in ⌬akuB mutant and ATCC 46645 backgrounds. Potential mutants were initially identified by resistance to pyrithiamine after transformation. Southern blot analysis was used to identify pesL (negative) and ptrA (positive) colonies by probing for a 3,271-bp EcoRI restriction fragment in the ⌬pesL deletion and a 6,641-bp fragment in the ⌬akuB deletion (see Fig. S1 in the supplemental material). Southern analysis of 14 isolates confirmed the disruption of pesL. Similarly, pyrithiamine-resistant transformants (n ϭ 36 in a ⌬akuB background and n ϭ 27 in a ATCC 46645 background) were screened by Southern blot for pes1 disruption by the presence of a 1,922-bp PvuII restriction fragment in the ⌬pes1 mutant and a 4,234-bp fragment in the wild-type strain (see Fig. S1 in the supplemental material), leading to identification of A. fumigatus ⌬pes1 ⌬akuB and ⌬pes1 46645 mutants, respectively. A representative isolate of each mutant was selected for further analysis.
RT-PCR and real-time PCR confirmed that pesL transcripts were absent in the ⌬pesL mutant but present in the A. fumigatus ⌬akuB strain after 48 h growth in RPMI and Czapek broth ( Fig. 1 and Table 2 ). Similarly, pes1 transcripts were absent in the ⌬pes1 mutant but present in A. fumigatus ATCC 46645 after 24 h growth in AMM ( Fig. 1 and Table 2 ). Expression analysis (Fig. 1 ) also demonstrated differential expression of pesL compared to adjacent genes, including pesM, after between 24 and 96 h of culture. This finding strongly suggests that pesL plays a distinct role compared to adjacent genes and is not a component of this putative gene cluster.
PesL and Pes1 are essential for fumigaclavine C biosynthesis. Comparative metabolite profiling by HPLC-DAD-MS analyses of metabolite extracts of A. fumigatus ⌬akuB and ⌬pesL strains after growth on Czapek agar for 6 days indicated significant differences in the appearance of several metabolites (Fig. 2) . Based on a detailed analysis of secondary metabolites from A. fumigatus using (33) indicated that these five genes do not exhibit coregulated gene expression after growth of the A. fumigatus wild-type strain in yeast-glucose broth over a 96-h time period, whereas calm expression was observed at constant levels throughout the experiment. Genomic DNA (gDNA) contamination is excluded since the calm cDNA amplicon is evident at 314 bp and not at 617 bp, in accordance with the calm gDNA amplicon (6). UV spectroscopy and MS (24) , it was clear that the biosynthesis of both fumigaclavines and fumitremorgins had been affected in the mutant strains (Fig. 2) .
At first glance, the peak corresponding to fumigaclavine C (retention time [Rt] ϭ 5.07 min, Fig. 2A , lower trace) present in the ⌬akuB extract seemed to have been produced in lower amounts by the ⌬pesL mutant (Rt ϭ 4.99, Fig. 2B, upper trace) . However, careful analysis of both UV and MS data for these two peaks (see Fig. S2 in the supplemental material), revealed that fumigaclavine C was completely absent in the ⌬pesL mutant and indicated that the peak at 4.99 min could be tentatively assigned to 12,13-dihydroxy fumitremorgin C based on both UV spectroscopic and MS analysis.
The absence of fumigaclavine C in A. fumigatus ⌬pesL was further confirmed by ion trace analysis searching for the specific mass of protonated fumigaclavine C (Fig. 2C) , m/z 367 ( [MϩH] ϩ ), along with analysis of an authentic standard of fumigaclavine C (see the data in Fig. S3 in the supplemental material) . Similarly, analysis of authentic standards of fumigaclavine A and B (data not shown) confirmed that the peak eluting at an Rt of 1.43 min corresponded to fumigaclavine A, which was present in relatively large amounts (m/z 299, [MϩH] ϩ ) in both A. fumigatus ⌬akuB and A. fumigatus ⌬pesL extracts, whereas only traces of fumigaclavine B (m/z 257, [MϩH] ϩ ) could be detected (see Two slightly later-eluting compounds (Rt ϭ 5.29 min and 5.63 min) with UV spectra similar to that of fumigaclavine C (see Fig.  S3H in the supplemental material), both with the same base peak (m/z 309), which likely represent [MϩH] ϩ of two isomeric forms of 9-deacetoxy fumigaclavine C previously reported from A. fumigatus according to Antibase (23), were also absent in extracts of A. fumigatus ⌬pesL. This further supports our observation of the absence of fumigaclavine C following pesL deletion.
Increase in fumitremorgin production in mutant strains. MS analysis of the possible fumitremorgins mentioned above indeed confirmed the presence of fumitremorgin C (Rt ϭ 8.23 min; Fig.  2D ) based on a comparison with the authentic standard. In addition, TR-2 (Rt ϭ 7.83 min) and verruculogen (Rt ϭ 10.95 min) could be tentatively identified according to Larsen et al. (24;  data not shown). Finally, the earlier-eluting compounds could be tentatively assigned as isomers of 12,13-dihydroxy fumitremorgin C (Rt ϭ 4.99 and 5.76 min; Fig. 2 ) and a monohydroxy fumitremorgin C (Rt ϭ 7.02 min) (see Fig. S4 in the supplemental material; also, data not shown). The most polar eluting fumitremorgin-like compound at 3.58 min could not be assigned to any known compound. With the exception of this compound, all other mentioned fumitremorgins were detected in both A. fumigatus ⌬akuB and ⌬pesL metabolite extracts, although in increased amounts in the ⌬pesL extract, as seen in Fig. 2 .
Independently, fumigaclavine C was detected in extracts of A. fumigatus ATCC 46645, and analysis of A. fumigatus ⌬pes1 strains revealed that this metabolite was absent in both the A. fumigatus ⌬pes1 46645 and the A. fumigatus ⌬pes1 ⌬akuB mutants (see Fig. S5 in the supplemental material). Identically to what was observed during the ⌬pesL strain analysis, fumigaclavine A was confirmed to be present in all wild-type and mutant strains analyzed (data not shown).
PesL is not essential for fumiquinazoline production in A. fumigatus. HPLC-DAD-MS analysis of A. fumigatus wild-type and ⌬pesL extracts revealed the presence of fumiquinazolines A to F in both strains (Fig. 3) . These nonribosomal peptide compounds could easily be detected using positive electrospray ionization as their protonated species [MϩH] ϩ (Fig. 3) , along with their characteristic UV spectra (see Fig. S6 in the supplemental material) (24) . Table S2 in the supplemental material shows a list of the compounds in the fumiquinazoline family, along with their molecular weights and molecular formulas.
Phenotypic analysis of A. fumigatus ⌬pesL and ⌬pes1 mutants reveals hydrogen peroxide and antifungal sensitivity. Exposure of wild-type and NRP mutant strains to a range of agents (Table 3) indicated several mutant phenotypes. The A. fumigatus ⌬pesL mutant was more sensitive to hydrogen peroxide than was the wild type (Ͼ2 mM H 2 O 2 , P Ͻ 0.01) but more resistant to menadione than was the wild type (20 M, P Ͻ 0.05; 40 M, P Ͻ 0.01) (Fig. 4) . The A. fumigatus ⌬pesL and ⌬akuB mutants grew at identical rates upon exposure to diamide; the growth rates were compared in order to determine whether altered glutathione levels were evident (data not shown). Antifungal susceptibility testing indicated that the ⌬pesL strain exhibited increased susceptibility to the azole voriconazole. The addition of voriconazole (0.25 to 0.75 g/ml) led to a significantly reduced growth phenotype of the ⌬pesL strain compared to the ⌬akuB strain at all of the concentrations tested (Fig. 4) . This increased sensitivity of the ⌬pesL strain to voriconazole was most significant at 0.5 g of voriconazole/ml at 72 h growth (P Ͻ 0.001) (Fig. 4) . Similarly, the ⌬pesL strain exhibited moderately increased sensitivity to the polyene antifungal amphotericin B (0.5 g/ml; P Ͻ 0.05) (Fig. 4) . A. fumigatus ⌬pesL grew at a rate identical to that of the ⌬akuB strain upon exposure to caspofungin (inhibitor of cell wall biosynthesis).
Strikingly, similar phenotypes were observed for the A. fumigatus ⌬pesL and ⌬pes1 strains. Upon exposure to H 2 O 2 , A. fumigatus ⌬pes1 ⌬akuB displayed reduced growth compared to the ⌬akuB strain (2 mM, P Ͻ 0.01). A. fumigatus ⌬pes1 ⌬akuB failed to grow upon exposure to 3 mM H 2 O 2 . The A. fumigatus ⌬pes1 ⌬akuB strain exhibited a significant decrease in radial growth compared to the ⌬akuB strain upon increasing concentrations of voriconazole (0.05-0.25 g/ml), with the most significant reduction in growth observed at 72 h (0.15 g/ml; P Ͻ 0.0001) (Fig. 4) . Furthermore, A. fumigatus ⌬pes1 ⌬akuB exhibited increased sensitivity to amphotericin B, with a reduction in radial growth compared to the ⌬akuB strain at increasing concentrations (0.25 g/ml; P Ͻ 0.0001).
pesL contributes to the virulence of A. fumigatus. The A. fumigatus ⌬pesL mutant exhibited attenuated virulence in the G. mellonella infection model, wherein larvae infected with the ⌬pesL strain displayed increased survival compared to larvae infected with the ⌬akuB strain (P Ͻ 0.001). The conidial inoculum for A. fumigatus ⌬pesL testing was 10 7 conidia/larva. Larval survival (%) is shown in Fig. 5 . At 24 h after infection, 97% of the larvae infected with the ⌬akuB strain remained alive, whereas a 100% survival rate was observed for those infected with the ⌬pesL strain. The reduction in virulence associated with the ⌬pesL mutation was more pronounced at 48 h and 72 h after initial infection. At 48 h postinfection, 96% of the larvae infected with the ⌬pesL mutant remained alive, in contrast to only 71% of those infected with the ⌬akuB mutant. By 72 h, 82% of the larvae infected with the ⌬pesL strain survived versus 37% infected with the ⌬akuB mutant. The overall survival proportions between larvae infected with the ⌬akuB strain or the ⌬pesL strain is highly significant (P Ͻ 0.001), indicating that the loss of pesL and its encoded peptide leads to reduced virulence in the G. mellonella infection model. The virulence of A. fumigatus ⌬pes1 46645 was assessed by using a conidial inoculum of 10 6 and, under these conditions, no significant difference in survival (25% versus 30%) was observed between the A. fumigatus ATCC 46645 and ⌬pes1 46645 strains.
DISCUSSION
We have shown previously that Pes1 plays a role in resistance to H 2 O 2 -mediated oxidative stress and in the virulence of A. fumigatus (38) . PesL has been the subject of recent work and, along with another NRP synthetase, PesM, has been implicated in fumiquinazoline biosynthesis (1, 2). The A. fumigatus pesL and pes1 genes were disrupted as described previously (32), and a corresponding abolition of gene expression was subsequently confirmed by RT-PCR and real-time PCR. Cramer et al. reported that pesL expression was observed after 48 h of growth in RPMI and Czapek broth (13) . In the work presented here, pesL expression was also found to be more abundant after growth in RPMI, whereas pesL expression was negligible after growth in Czapek broth. Cramer et al. (13) also reported that pes1 (AFUA_1G10380) was minimally expressed in Sabouraud medium and not expressed in any of the other conditions tested, whereas, in the findings presented here, pes1 expression was detected in AMM and MM, as well as Sabouraud medium. It should be noted, however, that the A. fumigatus strains used here differed from that of Cramer et al. (13), who used the reference strain A. fumigatus Af293. Furthermore, the housekeeping genes used varied in these studies (e.g., calmodulin [6] versus the actin used by Cramer et al. [13] ).
Initial comparisons of metabolites derived from liquid cultures of the A. fumigatus wild type versus the ⌬pesL and ⌬pes1 mutants revealed no differences in metabolite profiles (data not shown). It was then considered that the NRP synthetases of interest might synthesize peptides associated with conidia rather than vegetative growth. Interestingly, disruption of an NRP synthetase, MaNPS1, in the insect pathogenic fungus Metarhizium anisopliae revealed that conidium-associated serinocyclins are nonribosomally synthesized (22, 29) . Trichothecenes produced by Stachybotrys chartarum are also spore associated (45) . Furthermore, the ergot alkaloids (EA) of A. fumigatus (fumigaclavines A, B, and C and festuclavine) have a confirmed association with conidia (10). Fumigaclavine C, the end product of the complex EA biosynthetic pathway (Fig. 2C) , was present in extracts of the A. fumigatus ⌬akuB strain and completely absent in the A. fumigatus ⌬pesL the ⌬akuB mutant upon exposure to H 2 O 2 (2 mM, P Ͻ 0.05; 3 mM, P Ͻ 0.01); however, the A. fumigatus ⌬pesL mutant exhibited increased growth compared to the ⌬akuB mutant upon exposure to menadione (20 M, P Ͻ 0.05; 40 M P Ͻ 0.05). Significant growth inhibition of the A. fumigatus ⌬pesL mutant was also observed in the presence of voriconazole (0.25 g/ml, P Ͻ 0.01; 0.5 g/ml, P Ͻ 0.001) and amphotericin B (0.5 g/ml, P Ͻ 0.05) compared to the A. fumigatus ⌬akuB mutant. (B) Significant growth inhibition of the A. fumigatus ⌬pes1 ⌬akuB mutant compared to the ⌬akuB mutant was observed upon exposure to H 2 O 2 (2 mM, P Ͻ 0.01), voriconazole (0.015 g/ml, P Ͻ 0.001), and amphotericin B (0.15 to 0.75 g/ml, P Յ 0.01) compared to the A. fumigatus ⌬akuB mutant. strain. A complete loss of fumigaclavine C in the A. fumigatus ⌬pesL strain was observed wherein conidia, in part, comprised the specimens under examination, in agreement with the known EA association with A. fumigatus conidia (10) . Furthermore, fumigaclavine C was also completely absent in metabolite extracts of A. fumigatus ⌬pes1, suggesting redundancy among these NRP synthetases. All other known A. fumigatus EA, and in particular fumigaclavine A, were detected in extracts of the A. fumigatus ⌬pesL and ⌬pes1 strains, indicating that the biosynthetic role of PesL and Pes1 likely occurs at the final step of the EA pathway, perhaps by aiding FgaPT1 in the reverse prenylation of fumigaclavine A in the C2= position of the indole ring of fumigaclavine A to yield fumigaclavine C (53) .
Comparative phenotypic analyses revealed that both the A. fumigatus ⌬pesL and the A. fumigatus ⌬pes1 ⌬akuB strains exhibited increased sensitivity to voriconazole and amphotericin B compared to wild-type strains. In contrast, sensitivity testing with caspofungin revealed no difference between the A. fumigatus ⌬pesL and ⌬pes1 strains and their respective wild types. Furthermore, A. fumigatus ⌬pesL and A. fumigatus ⌬pes1 ⌬akuB exhibited increased sensitivity to H 2 O 2 , implying roles for PesL and Pes1 in protection against the effects of voriconazole-, amphotericin B-, and H 2 O 2 -mediated oxidative stress. A. fumigatus ⌬pesL exhibited increased growth compared to the wild type upon exposure to menadione in the present study, whereas all strains grew at equal rates on diamide. A range of oxidizing agents was chosen for analysis since no single agent can fully represent the conditions of oxidative stress (49, 58) . The increased resistance of the A. fumigatus ⌬pesL strain to menadione may be due to an oxidant defense response that was elevated in the ⌬pesL strain as a protective mechanism. The transcriptional responses to various oxidizing agents, including the ones used here, was shown to differ substantially in S. cerevisiae, with respiratory gene expression influenced by hydrogen peroxide, whereas menadione influenced the NADPH-producing pentose phosphate pathway (50) . Furthermore, a genome-wide comparison of gene expression profiles upon exposure to menadione, hydrogen peroxide, and diamide in A. nidulans revealed that separate response gene groups existed for the different agents (36) . Importantly, the similar phenotypes observed for the A. fumigatus ⌬pesL and A. fumigatus ⌬pes1 ⌬akuB strains strongly suggest redundancy among these NRP synthetases; however, it is clear that both are simultaneously required for fumigaclavine C biosynthesis. Increased production of several fumitremorgins, such as TR-2, fumitremorgin C, and verruculogen, could be seen in the extracts of the ⌬pesL strain (and, to a minor extent, in the ⌬pes1 strain), suggesting that the increased pool of isoprene available due to less prenylation of fumigaclavine A may instead be incorporated into the fumitremorgins.
The observed phenotypic and comparative metabolite data suggest a link between oxidative stress resistance and fumigaclavine C. Interestingly, the role of NRPS in the protection of fungal species against oxidative stress has been previously reported. NPS6, which is responsible for siderophore biosynthesis in the plant pathogen Cochliobolus heterostrophus, was found to be involved in both virulence and resistance to oxidative stress (26) . These findings together are in agreement with previously established links between fungal secondary metabolism and oxidative stress (39) . Furthermore, since both the A. fumigatus ⌬pesL and the A. fumigatus ⌬pes1 strains are more sensitive to voriconazole and amphotericin B, it appears that fumigaclavine C may also play a role in resistance to antifungals. The specific mechanism underlying the apparent antifungal resistance was not investigated further in the present study, although emerging hypotheses suggest that secondary metabolite production may represent a component of the oxidative stress response in fungi (39) .
The A. fumigatus fumigaclavine biosynthetic cluster has been extensively studied (20, 27, 48, 53, 56) ; however, a number of undefined reactions persist, as do cluster-encoded genes with unknown functions. The A. fumigatus EA cluster is not reported to contain NRP synthetase genes, in contrast to other EA producing fungi (11, 52) . No orthologs for the C. purpurea NRP synthetase encoding genes cpps1 or cpps2 have been found in the vicinity of fgaPT2 in the A. fumigatus EA gene cluster, which is thought to be consistent with the absence of a peptide moiety in fumigaclavines (52) . Heterologously expressed A. fumigatus FgaPT1 was shown to have strict specific substrate specificity and, in vitro, to convert fumigaclavine A to fumigaclavine C (53). However, in vivo, the direct interaction of substrate and prenyl transferase may not occur as easily and may require the tethering of the substrate to PesL and Pes1 for the reaction to occur. Since PesL is a monomodular NRP synthetase, it may have a common origin with the monomodular NRP synthetase also found in C. purpurea (lpsB), and since Pes1 is a multimodular nonlinear NRP synthetase and the biosynthesis of ergotamine in C. purpurea involves a trimodular NRP synthetase (lpsA), it is possible that pes1 shares a common ancestor with the NRP synthetase gene, lpsA. The requirement for PesL and Pes1 in fumigaclavine C biosynthesis could suggest that these genes were once in a cluster with the other EA genes and have been translocated to their current location; indeed, transposable elements have been reported to be associated with other biosynthetic gene clusters in Epichloe spp. (15) .
Secondary metabolite gene cluster rearrangements mediated by transposable elements might not be restricted to the EA clusters. This could allow for NRP synthetases to be used by more than one biosynthetic pathway, thereby increasing the diversity of secondary metabolites that can be produced by an organism. This hypothesis could explain how such a large repertoire of secondary metabolites can arise from 14 NRP synthetases in A. fumigatus (13) . The current understanding of NRP synthetases and secondary metabolite gene clusters might need to be reconsidered in light of the findings and ideas presented here, and the current paradigm may not be as straightforward as "one NRP synthetase, one peptide" as has previously been found for NRPS in other pathways (e.g., gliotoxin biosynthesis) (3, 12) . Moreover, the notion of cluster cross talk is beginning to emerge with the confirmation of interactions between two separate NRP synthetases involved in siderophore biosynthesis in a bacterial species (25) . More recently, cross talk was identified between two SM clusters on different chromosomes in A. nidulans (4) . Indeed, both cluster-encoded and non-cluster-encoded enzymes were required for the biosynthesis of the laspartomycin peptide antibiotics in Streptomyces viridochromogenes (55) .
Importantly, we showed here that gene knockout and in vitro biochemical analyses are the most appropriate means to unambiguously show an essential biosynthetic function for any given gene. PesL has recently been implicated in fumiquinazoline biosynthesis (1, 2) , and the observed role for PesL in fumigaclavine C biosynthesis reported here suggests redundant roles for PesL. It remains to be seen whether this is a feature of the remainder of the uncharacterized NRP synthetases within A. fumigatus and other fungi. Support for redundancy among NRP synthetases may come from observations that NRP synthetases show less strict substrate selection and incorporation than other adenylating enzymes (8, 46) .
We also observed the presence of a catalase-encoding gene (AFUA_2G18030) in the EA cluster vicinity (http://www.cadre -genomes.org.uk), which has recently been included in the A. fumigatus cluster and was shown to be necessary for EA biosynthesis in A. fumigatus (17) . A putative catalase gene (cpcat2) has also been identified in the EA cluster of C. purpurea, although no function has yet been assigned (9) . The appearance of catalases in the EA clusters may also suggest a link between the production of EA and oxidative stress, since catalases are known antioxidant enzymes (7) . This inclusion of a catalase in the A. fumigatus EA cluster suggests that the core EA cluster in general is still undergoing refinement.
Initially, pesL was proposed to be part of a putative five-gene SM cluster (33) and, more recently, part of an eight-gene cluster proposed to be responsible for the biosynthesis of the fumiquinazoline family of secondary metabolites in A. fumigatus (1) . However, coregulated expression of the cluster genes, with or without simultaneous secondary metabolite production, a feature that is a hallmark of SM biosynthetic gene clusters (13, 40, 47) , has not been demonstrated. All genes in the proposed pesL cluster (AFUA_6G12040 to AFUA_6G12080), according to Nierman et al. (33) , were found to be expressed here in YG medium over a 96-h time period. This observation was important since secondary metabolite gene clusters have been found to be transcriptionally silent under standard laboratory conditions (42) . However, the proposed cluster genes did not all exhibit the same pattern of expression, suggesting that they are not coregulated in the production of a particular secondary metabolite. Furthermore, gene clusters encoding secondary metabolites are usually coregulated with the production of the specific metabolite(s) (4, 13) , and this has also been observed for the C. purpurea EA biosynthetic cluster (9, 51) . Such a study had not been reported for the genes involved in either EA or fumiquinazoline biosynthesis in A. fumigatus. The presence of several fumiquinazolines in the A. fumigatus ⌬pesL strain indicates that fumiquinazoline biosynthesis may be more complex than is currently thought and also actually suggests an alternative route for fumiquinazoline A production in A. fumigatus ⌬pesL.
Despite advances in the field of secondary metabolite biosynthesis, there still remains a large deficit relating NRP synthetases to peptide products in the important human pathogen A. fumigatus, an observation previously noted by others (13, 47) . As more NRP synthetases are functionally characterized, one can predict that the potential and complexity of these remarkable enzymes will become even more apparent.
